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Thin films of titanium, zirconium and hafnium  nitriclc are prepared by 1X magnetron reactive sputtering at mom
tcn~pcraturc on fused silica, optical glass and silicon substrates. Dcposi[ion  parameters are investigated in order to obtain
stoichiomc[ric films, The optical and electrical properties of the films as a function of nitrogen partial pressure are
dctcrmincd. ‘1’he results show that an inverse correlation exists between the optical reflectance and the clectricd
resistivit y of the films. ‘1’hc  optical constants of the films arc dcterm incd by Variable Angle Spectroscopic lillipsormetry
(VASI;)  n~casorcmcnts  from 240--1700 nm at 10 nm steps. l~cpositccl film composition is obtained by the Rutherford Ion
J]ack Scattering (1<11S)  method. ‘1’hc I’m roughness of the films is mcasorcd  by using an optical scattcrometer.
lillipsomcter  data for all three films show that their refractive index (n) in the visible spectrum is decreased by mcrcasing
the film thickness while the extinction coefficient (k) is unchanged. I’hin films of TiN have the lowest room temperature
rcsistivity (= 75 p Q - cm) relative to 7xN and 1 lfN thin films.

Keywords: Reactive sput(cring,  optical coatings, optical propcriies,  electrical propcrlies,  thin film, transition metal
nitrides.

1. I NTROJ)LJCTION

‘1’itanium nitride (’l’iN), zirconium nitride (ZrN) and hafnim nitride (1 IfIN)  have optical, electrical ancl mechanical
“-c] that arc advantageous for applications to optics, electronics and tribology.  Generally, nitride films haveproperties

been dcpositccl  by chemical vapor deposition (CVD)  or physical vapor deposition (1’VD).  IIowcvcr, CVI) involves high
tcmpcraturc processi{]g  and PVD procluccs  porous filJns with poor aclhcsion. Two other deposition methods have also

been cnlplo)efl]for  making nitride coatings: magnetron rcactivc sputtcring[7-10] ancl electron cyclotron resonance (1 ;C1{)

deposition. 10 rcccnt years magnetron sputtering in recent years has become the Icacling coating process, compared
to CVD and J’VD bcctrusc of!Jwe  advantages:

Magnetron sputtering can be done from Iarge-area targets with different geometry, which simplifies the ~woblcnl of
coating of large area substrates with uniform film thickness;

‘1’hc composition of sputter-deposited filJns can bc tightly controlled;

The cicvicc damage from X-rays generated during electron beam evaporation is eliminated;

Coatings can bc acconlJiishcd  at relatively higher deposition rates; and

l~ully dense films arc produced at room temperature,
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The ainl of this work was to produce nitride films with desirable optical, clcctricrrl  and mechanical proJJerties  that can
survive harsh environments. The Jnosl important ob.iective  was to dcvc]op a rcactivc magnetron sputter deposition
process at room temperature for TiN, ZrN, and 1 lfN films that yields a coating with the following properlics:

+

*

*

*

l{cflcctancc  from lIJC UV to far-n{ optical range wiih vah!cs near theoretical maximum;

Good achcrcncc to substrates, particularly fused silica, o])tical glass and silicon;

1,OW scatter film; and

1 lard coatings.

2. SAMI’1.E  I’R11I’ARATION

I’hc IX magnetron spulfering  systcm wc set up m~cts  our requirements for stability, good uniformity, ability to produce
multi layer films, and high production rates. ‘t’he  systcm is ri 76 x 76 x 61-cIN box coater with a mechanical roughing
pump and a 30 cm-diameter high-vacuum cryopump  with a water vapor pumping spcccl of 10,000 liters per second, This
high pun~J~ing  speed prevents rcactivc gases from poisoning the target material and helps achieve stability. I’he systcm’s
10WCSI at[ainablc base pressure is 3 x 10-8 torr. Two 15 cm- and one 8 cm-diameter magnetron cathodes are mounted at
the bottom of the deposition chamber, meeting the demand for producing multilaycr tllJns with good uniformity. This
arrangement makes it possible to deposit nitrides, oxides, and compounds of three materials without venting the chamber.
Up to three gases can bc flowed into the chamber at any given time. “J’JIc reactive and working gases used in the process
arc ~lltra-lligll-l~tlrity  grade 5. Flow rates of the gases into the chamber arc controlled separately by precision mass flow
valves permitting Ar:N2, Ar:02 and N2:02 ratios to bc varied at will. ‘J’hc system is equipped with both an optical ancl a
quartz crystal monitor, enabling control of the deposition rate by either mcthocl.

All three starling materials are metal targck  with 99.95 ?/o purity. The substrates arc not intentionally heated or biased
during deposition, 10 the reactive sputkxing process an argon flow of 25 seem (cubic centimeter pcr minute at S’J’J)) and a
nitrogen gas flow of 3, 5, 10, 15, 20, 25, or 30 seem arc used, resulting in a ctcposition  pressure in the range of
2.8- 5 x 10-” torr, Coatings are deposited onto optical glass, fused silica, ancl silicon substrates. The deposition rate for
all t hrcc coal ings is 3-5~/scc  with a source-to-substrate distance of 25 cJn. All deposit ions started at a base pressure of
6 x 10-7 torr.

3. IJII’IILI/RIINATSION  ou OPTICAL  @NSTANIS  IJSING rmmoMIrJI/Y

3.1 &J JJl@CS

For each material, four samples are prepared on fused silica substrates. ‘J’wo of the films are intended to be optically thick
(oJ~aquc),  while the other two were much thinner at 30 40 m, For each type (thick and thin), one of the substrates was
roughened OJJ the back side, while the other was ]cfl smooth.

3.1.2 MCJM(JICJJlt?lltS

Variable angle SpcctJ’OSCOpiC  eliipsoJllctry (VASE) nlcasureJllcJlts  Were made OJ1 all Salnp]eS frOlll  240 J)nl to ] 700 JJln at
10 11111  steps at external angles of incidence ($.) of 70, 75, and 80° using a commercial rotating analyzer-type
cllipsomctcr. Some small artificial oscillations occur in VASE data at long wavelengths due to imperfections in the
polarizers. As a result, small oscillations also occur in the derived H and k data at long wavclcnrgtlls.  No attempt was made
to smooth the data,
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3.2 Analysis

3.’2.1 Thick  samples

‘1’msmit(ancc  data confirmed that the thicker films were opaque (f = O over the cnt ire 240--1700 m spectral range).
‘1’bus, these films could be treated as substrates since the light did not penetrate to the fused silica interface. For a simple
substrate, the ellipsomctric data can bc convcrlcd  directly into a pseudodielectric function E using

=sin’$o[l+(~::)’tan’$oj (1)

where p(k, $.) is the measured complex ellipsomctric parameter, usually given in terms of two angles, Y~ and A“

p = tanY’eiA. (2)

‘1’o the extent that the surface is perfectly smooth and has no ,overlays,  as assumed here, the pscudodielcctric  function and
the true dielectric function arc idcnt ital. Corresponding pseudo-values for 11 and k arc found from:

c=cl+ic z=ti’=(rr+i  k)’ ~ (3)

Pseudo-values from different angles 1$0 arc identical (except from random noise), so the average over all angles was taken.

3.2.2 ‘1’hin san]ples

In this case the exact thickness (/) and n and k at each wavelength (h) arc unknown. VASII clat[i were analyzccl using a
one-film mcxlcl in wl~ich the fused silica substrate’s optical constants arc known, and initial guesses for t, n(k), and k(X)
of the film arc given. l’hc cllipsomctric parameter p is calculated from:

(4)

where I{P (R,) is the complex reflection coefficient for light polariy.cd parallel (perpendicular) to the plane of incidence,
“1’hcsc were calculated from the one film model using standard formulas. The values of t, n(k), and k(k) were varied to get
a b~st-fit t o  {Ile da(a,  using a  %2 nlininlization al~Orhhlll.

Correlation bctwccn t and the fihn’s optical constants is a typical problem in the filling. That is, there is no unique set of
/, N anti k that produces the same or nearly the same best fit 10 VASE data. Simuitaneousiy fitting both VASIi  anti 7’ data
removes the correlation. (This was the reason for preparitlg  the thin fiims on transparent substrates.) Tile approach
workeci weli. We obtained good tit for both VASII and 7’ spectra with unique best-fit, /, anti t? and k values, As an
indci~cnclcnt check, n and k data were used to fit the VAS1l data from the thin layer samples with roughened’ substrate
backsides using only ( as a fitting parameter. We obtained very good fits, indicating that I? and k fitted values were
rcasonab]y  accurate.

3.2.3 l,orcntz  oscillator model

in ati(iition to fitling }1 and k individually at each wavelength, a simple l,orcntz  oscillator mociel was used to fit M and k
with only a fcw wavelength-indci>cndcnt parameters. la this model, E of the fiim (either thick or thin) was nlodclc(i as:

1 A j
c (E)= cm -1 Z“ . .——. —-. —... —.. —-.

1=1 E2 . Ef + j]’i~  , (5)



I

. .

II{, ll~,)! ly~){.f)t  I);lI,  ;If)ylllillflf),  II Il:i. lihf l~llf  IJ[) 10,  I,lli  IIf,i  I)<)(J,,I 1~1,  i,!,  ‘ I ,1.fl!l 1’11,, :!1 I,$fl ,!11(1 Ill fill

wbctc 1; = h is the photon energy, MCI E, and 1’, are the center energy and broadening parameter, respectively, of tile i-tb
oscillator. All energies are in cV, and tbc amplitude A, has a unit (cV)*. Only two oscillators were used for all three
materials. ‘1’hc first oscillator was located at 1;, = O, corresponding to the free elcclron  response (Drude  model). I’he otlm
was located at higher energy (=6 cV), beyond our spectral range, to account for intcrband transitions in the UV.

S. RESULTS AND DISCUSSION

5.1 Optical constants of tmnsparcnl  (thin) awl opaque (thick) film

I/it[cd oscillator parameters are given in Table 1 for thick (l’K) and thin (TN) films of each material. All oscillator
paramc(crs,  except El which was fixed to O cV, were fixed to the values found from the wavelength-by-wavelength fitting
combining VASH and transmittance data,

Em

A, (cV)*
1 ‘t (eV)
Lll (eV)
A 2

*.,2

E

?
t (m)

Poscilla[orjlt ted pa
IIm

IK T“N. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.,74 3.11

65 70

0.9 1,20
0 0

99 101
2,8 3.8
6.1 6.2

3 . 8 27
- .— 39.5—

‘lK TN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2,31 2.42
6 2 65

0.73 0.95
“ o o
124 153
2.7 4.2
.6.1 6.6,
,2,7 22,

- -— 40.7

‘1’iN  -

I’K 7’N. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.79 1.89

52 57

0,71 0.83
0 0

202 160
4.3 4
6.3 5.8
9.8 15
-.. 34.1

Note the values of X2 which indicate how good tbc fits were. ‘1’he oscillator model works well for ZrN and 1 lfN thick
films (low X2), but not nearly as good for thin films. It also works Icss well for the “1’iN thick film: Figures 1 and 2 show
real (~~) and imaginary (k) parts of the complex index of refraction for thick (l’K) l’iN, ZrN, and llfN films dctcrmincd by
VA S1{ over the spectral wavelength of 240 1700 ntn respectively. Notice in Figure 1 that tbc real parl of the refractive
index, H, is close to or below 1 in the major part ofthc visible spectrum (440- 670 rim).
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~~’igure 1. Real part of the refiacliv~ index of TK ● TiN, ZrN and II’’---
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‘igutw 2. Itnqgitmry pm of refiwclive index of 7’K ● 7’iN, ZVN and lIfN.  -

l~igutes 3,4 rind S compare n and k values for thick and tbili films of TiN, ZrN and }lfN respectively. Results show that
optical constants for the films, prepared at the same deposition conditions, not only depend on the wavelength of light,
but also on the thickness, L of the films. TiN SI1OWS Icss diffcrcncc between thick and thin film optical constants and the
di [fcrcncc  is distributed differently than for the other two materials. “1’he results imply that M and k arc functions of the
film’s thickness, at’ least over some range of thickness with ZrN and llfN, and to a Icsscr extent with TiN. Most of tbe
dcpcndcnce on thickness is in the Iongcr wavclcngtb  regions where free electron absorption clom inates. If in particular
applications all films arc to be very thick (hundreds of m), tllcn the variations of ~~ and k in the films are minimal.
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‘igtwe 5. Optical cons(atlh of lK ● atld 7W ● II” measured wili~ VASE,

‘1’hc spcctml  reflectance and transmittance of the three nilridc films are calculated using a commercial film design
sof[wtirc  package where the input data are the measured n, k, and film thickness [. The films arc msamed to be coated On

a non-absorbing fused silica substrate with }?,, == 1.46. l;igurcs  6-8 present the calculated spectral rcflcc(ance ancl trans-
mittance as a funclion  of wavelength for these films. ‘1’he results imply that the spectral behavior of l’iN, ZrN and lIfN
films are similar to the noble metals Au, Ag and P(, Rcflcclance curves incrcasc  slowly with increasing wavelength,
approaching their maximum of -!)3°/0  in the infrared. ‘1’hc transmittance curves increase slow]y with decreasing
wavelength towards a maximum in the mid-lower side of the visible spectrum and there is a corresponding reflectance
nlinimum  at these wavelengths. If we compare the rcftec(ance  and transmittance of these three nitrides to that of noble
metals, TiN is most similar to Au, and llfN and 7,rN are similar to Ag.
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5.2 Composition analysis

l~ilm composition was obtained by Rutherford brickscatlcring  analysis. ‘1’hc  amounts of mc(al, nitrogen and oxygen were
dclcminccl  quantitatively from the areas beneath the spectra peaks and from the Rutherford cross-section of each
clcmcnt,  ‘1’hc composition of the films with rmd without IiCR is listccl in ‘fable 2. Oxygen is the main impurity in all
films. It may be assumed that this is due to the residual pressure of oxygen in the chamber. The ratio of nitrogen to
oxygen increases with the atomic weight of the starting material, 1 lfN, with Ihc heaviest atomic weight, has the highest
nitrogen-to-oxygen atomic ratio.

I

5.3 Optical Sca((cr Characterization

‘Iwo clcposit ions were made for each material -- one with and one without IiCR --- onto super-polished fused silica
substrates. Wc examined scattering from each coating using an angle-resolved optical scatteromctcr at the University of
Ncw Mexico. As shown in Table 3, TiN and 1 IfN coat ings have rms roughness simi Iar to super-polished substrates; ZrN

I
has much higher ms. One reason for this could be due to its crystalinity.
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i’bl)le 2. 1{[1S results of2 A4ev IIei  iom on i“iN, Zr~, atld IIjNjllnts  OM graphite snl]s[ra[e.

l’ilm Composition (at%)
Film “1’hickncss  (~) I’i N () 7,r IIf Ar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............. ............ ............. ............. ,,,,,,,,,
l’iN 48 48
TiN 962 48 .
TiN  w/ECR 916 48
ZrN 102 0’
ZrN 140 0’
ZrN 386 ().

ZrN w/llCR 53 0.
ZrN w/ltCR 235 0 ,
ZrN w/HCR 430 0
1104 82 0
1 lm 344 o “
1 lm 1335 o “
1 lm w/EcR 128 0.
1 liN w/IICR 450 0 .

48 4 0
48 4 0
48 4 0
42 15 43
49 8 43
52 4 44
51 6 43
50 5 45
49 4 47
53 4,7 4.4
51 4.6 4.5
52 4 4
48 5 4.8
47 2.5 4.5

0 0
0 0
0 0
0 0’
0 0
0 0
0 0
0 0
0 0

36 1.9
38,4 1,5

40 0 ,
40.5 0.7

44 1

i’b!de3.  l{rtl,v rol~gi~}le.vs  valties oh{ait~kd t~.vit~g ailol)tical  .vca[!erot~1eler. —
rms Roughm%s  (A)

Trial Number Standard
1 2 . 3 Average Devialicm. . . . .. . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... ............. ............ .............  ..

1 IN 26.4 14.0, 12 17.5 7.8
‘1’iN w/llCR 10.6 7.4 ___ 9.0 2.3
ZrN 27.5 7 6 . 3 27.9 43.9 28.1
ZrN w/liCR 23.0 35,1 ‘ 46.1 34,7 11.6
IIm 14.7 9.1 “ - 11.9 4 \

IIm w/llcR 25.3 25.0. - 25.2 0.2 —

5.4 Electrical rcsistivity

Measured sheet resistance (R,) of the films as a fullctiol~ of t~hrogc]~ gas flow rate during  the dcpositio]l are listed irl ‘l’able
4.1`ilt~l resistivity calcL]lated froth  R,$a!ld  fil]]]tllick!~ess,  f,asaflttlctio]l of N2flowrate  arcplottccl itll~igurcs9- 11,

7able4.  Mea.vttred.vhee[  resi.v[atlce l{,, oft)letti(tide$  lttls,

NzFlow(sccnl) R  (Q)--  l’iN R (Q)-ZrN R (Q)-l]m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...!.... . . . . . ...!..... . . . . . . . . . .... . . . . .,, .,.,,,,,,, ,,, ,,, ,,, ,,
3 1 1 . 7 15 15
5 5 15 9.9

10 4 . 4 20 28
15 5.3 30 235
20 6 99 1100
25 7 . 7 120 14400
30 9 , 510 too high—

I
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nilrogenflow  rate.

nilrogen  flo  w rale,

It is imporlant tO notice that there exists a critical nitrogen flow where the rcsistivity changes abruptly for ZrN and }IfN,
but  has relat ivcly much less effect in the case of TiN, in our iovcstigat  ion we found that there is a link bctwccn the color,

1 rcsistivity and optical reflectance of the three films.  IJor ‘1’iN,  a nitrogen-to-titanium ratio of unity rqsults in maximum
rdlcctancc  with a gold color and minimum rooill temperature resistivity of 75 @cn~. For ZrN the atomic ratio of
nilrogcn to7,r  is about 1,12 and for IlfN the ratio is 1.30, resulting in 200 and 140 I(Q-CIN room tcnlpcratu rcrcsisl.ivity,I

I
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rcspcctivcly. I]y increasing or decreasing the N2 flow the color changes to gray, optical reflectance drops, and rcsistivity
incrcascs in all three ma[crials,

6. l)urability

I)cpositccl coatings of “1’iN, ZrN and 1 lfN were subjcclcd  “to severe abrasion by rubbing the coated surfaces with a
standard eraser conform ing to MI l.,-1~- 12397 mounted in an eraser abrasion tester. (’l’his is a US Army spccificat ion for
hard coalings.) l:or the accclcralcd aging tcsl the samples were put into an environmental controlled test chamber and
exposed to a temperature of 65°C and 95–) OOY’O relative humidity for 120 hours. To test the thermal stability of the
coatings, the “1’iN samples were baked in an oven for three hours at 300°C in air at atmospheric pressure. ‘1’he coatings did
not exhibit any evidence of scratches, flaking, peeling or blistering. I lowcver, the baked coating of ‘1’iN showed an
approximate 30/0 reflectance drop in ihc 1.5 pnl to 3.0 pm optical range. ‘1’here was no reflectance drop in ci(hcr  the 0,2–
1,5 pm or 3.0-32.0 ph~ optical ranges.

7. CONCLUS1ONS

Rcactivc I)C magnetron sputtering was used to prepare thin “films of “J’iN,  ZrN and }lfN at room tcmperat ure~ ‘1’hc filnM
exhibit optical propcriies similar to noble metals. I’he ellipsonlctry data implies that the n and k of the flltns are a function
of the film’s  thickness - - at least over some range of thickness for 7,rN and 1 lfN, and to a lesser extent with TiN, ‘]’hc
composition of ‘1’iN, ZrN and llfN and their corresponding optical and electrical properties can bc varied by controlling
nitrogen partial pressure during deposition. ‘1’hc room tcn}pcrature resistivity values  ob[ainecl in this investigation for l’i N,
ZrN and llfN thin films are 75 ptlcm, 200 Qp-cm, and 140 pf.1-cm rcspcctivcly, The process has the potential to
produce ‘1’iN,  7,rN and 1 lfN with rms roughness comparable to that of super-polished substrates, i.e., 1- 5A rms
roughness. l~ilm adhesion to fused silica, optical glass and silicon substrates is excc]lcnt.  l’iN films exhibit optical
properties most similar to Au, while ZrN and IlfN films arc’similar to Ag. Comparing the two groups, nob]c l~letals and
the transition metal nitrides, wc conclmlc  that the transition metal nitrides cxllibit superior mechanical and chemical
properties, but not as good optical nor electrical propcritics,
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